Striated muscle is a highly specialized collection of tissues with contractile properties varying according to 12 functional needs. Although muscle fiber types are established postnatally, lifelong plasticity facilitates stimulus-13 dependent adaptation. Functional adaptation requires molecular adaptation, partially provided by miRNA-14 mediated post-transcriptional regulation. miR-206 is a muscle-specific miRNA enriched in slow muscles. We 15 investigated whether miR-206 drives the slow muscle phenotype or is merely an outcome. We found that miR-16 206 expression increases in both physiologic (including female sex and endurance exercise) and pathologic 17 conditions that promote a slow phenotype. Consistent with that observation, the slow soleus muscle of male miR-18 206 knockout mice displays a faster phenotype than wild-type mice. Moreover, their left ventricles have a faster 19 myosin profile accompanied by male-specific dilation and systolic dysfunction. Thus, miR-206 appears necessary 20 to enforce a slow skeletal and cardiac muscle phenotype and to play a key role in muscle sexual dimorphisms. 21 22 2014). Notably, despite a general sex difference in muscle fiber types, it is not known whether biological sex 72 influences miR-206 expression. Thus, we sought to determine in both sexes whether the miR-206 slow muscle 73 enrichment is an outcome or a driver of the oxidative phenotype.
Introduction 23
Skeletal muscle is a highly organized contractile tissue that composes 40% of human body mass (Janssen 24 et al., 2000) . Muscle subgroups are further specialized to perform a diverse array of functions, such as chewing, 25 focusing and moving the eye, breathing, maintaining body posture, and both burst and sustained movements. To 26 meet these various demands, different muscle types are characterized by different metabolic and contractile 27 machinery. Oxidative myofibers are more fatigue-resistant and have higher mitochondrial content to facilitate β-28 Sectioning and immunostaining: We cut 10 µm sections with a cryostat chilled to -20C from the mid-belly of the 145 soleus and immunostained with standard techniques. For fiber typing, primary antibodies against different MyHC 146 isoforms were all from Developmental Studies Hybridoma Bank, Iowa City, IA (MyHC IIa (SC-71), MyHC IIx 147 (6H1), and b-MyHC (BA-D5)). We used isotype-specific secondary antibodies (FITC-goat a-mouse IgM 148 (Jackson 115-095-075), AlexaFluor568-goat a-mouse IgG1 (Invitrogen A-21124), and AlexaFluor647-goat a-149 mouse IgG2b (Jackson 15-605-207)). For cross-sectional area calculations, we delineated individual myofibers 150 with a-laminin staining (Sigma, L-9393, St. Louis, MO) and FITC-donkey a-rabbit (Jackson 711-095-152) as 151 secondary. We stained DNA with DAPI. We collected all images on a Nikon TE2000 inverted fluorescent 152 microscope with a 20X objective connected to a Nikon DS-QiMc-U3 camera controlled through the Elements AR software version 4.00.03. We kept exposure times for a given channel constant for all slides. We 154 processed raw images with the Image5D plugin in ImageJ using the same settings for a given channel across all 155 images. 156 Fiber typing: In ImageJ, we manually counted fiber types across entire soleus sections based on MyHC miRNAs with a TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher, 4366596) and performed qPCR 169 with TaqMan Universal PCR Master Mix, No AmpErase UNG (Thermo Fisher, 4324018) , all according to the 170 manufacturer's instructions. We used the ΔΔCT method to analyze relative expression. We normalized all mouse 171 miRNAs to sno202 expression levels and human miR-206 to U6 RNA. We measured mRNA expression with 172 SYBR Green-based qPCR. All primer sequences are listed in Supp. Table 1 . We reverse transcribed total RNA 173 with random hexamer primers using the Superscript II Reverse Transcriptase kit (Thermo Fisher, 18064-022) . 174 We performed qPCR with SYBR Green PCR Master Mix (Thermo Fisher, 4312704) according to the 175 manufacturer's instructions. We measured relative expression with the Pfaffl standard curve method. In 176 regenerating TA ( Fig. 2D ) and isoproterenol-treated heart samples (Fig. 6A, Figure 6 -figure supplement 4), we 177 normalized RNA levels to 18S rRNA. In 206KO and WT soleus samples ( Fig. 5 ), we normalized mRNA levels 178 to Acta1. In the 206KO and WT heart samples ( Fig. 7D and Figure 7 -figure supplements 6 and 7), we normalized 179 mRNA levels to Gapdh. Per animal, each data point is the average of technical duplicates. 180 Graphing and statistical analysis: We graphed and analyzed all data for statistical significance with GraphPad 181 Prism. We analyzed simple two-group comparisons with a Student's t-test. We analyzed multi-group comparisons sample size for animal experiments, we performed a power analysis based on our preliminary data using 186 G*Power. We assessed the presence of outliers by determining interquartile ranges and excluded data points more 187 than 1.5X below the first or above the third quartile.
188
Results 189 miR-206 is associated with a slow-twitch muscle phenotype but is higher in fast female muscles. We measured 190 miR-206 levels in three mouse lower hindlimb muscles with different fiber type compositions. In both males and 191 females, we found a stepwise increase in miR-206 expression from the fastest muscle (tibialis anterior (TA)) to a 192 mixed fiber type muscle (gastrocnemius and plantaris (GP)) to the slowest muscle (soleus (SOL)). Fig 1A reveals approximately 30-fold enrichment in soleus compared to TA. Interestingly, we measured significantly higher 194 miR-206 levels in female TA compared to male ( Fig. 1A , right panel), which supports our previous observation 195 that the female TA contains a greater fraction of slow fibers than the male TA (Haizlip et al., 2015) . There was 196 no sex difference in the expression of the other myomiRs (miR-1, miR-133b, or miR-133a) in the TA (Figure 1 -197 figure supplement 1). Since miR-206 levels can differentially respond to liganding of different estrogen receptors 198 in breast cancer cells (Adams et al., 2007) , we assessed a potential hormonal basis for the sex difference in the 199 TA by examining miR-206 levels in female aromatase knockout (ArKO) mice, which do not produce any 200 estrogen. In ArKO TA, we observed a significant 1.3-fold reduction in miR-206 levels (Fig. 1B) , while miRs -1,
201
-133b, and -133a were unaffected (Figure 1-figure supplement 2), suggesting a miR-206-specific phenomenon.
202
There was no change in the ArKO GP and a downward trend of similar magnitude in the ArKO soleus ( Figure   203 1-figure supplement 3). As it is well known that endurance exercise induces a shift towards a slow twitch 204 phenotype (Allen et al., 2001; Andersen and Henriksson, 1977) , we examined miR-206 expression in the TAs of 205 male WT mice running voluntarily on exercise wheels. miR-206 levels increased 5.3-fold after 3 days of exercise 206 but were not different from sedentary levels after 7 or 14 days of running (Fig. 1C ). Hindlimb suspension, a model 207 of muscle disuse that can induce a fast-twitch shift, did not result in changes in miR-206 expression ( Fig. 1C ).
208
We next evaluated whether miR-206 expression responds to pathologic muscle stimuli that shift typical 209 fast muscles to a slower phenotype. One characteristic of Duchenne muscular dystrophy (DMD) is selective 210 sparing of slow muscle and disproportionate loss of fast muscle (Webster et al., 1988) . In addition, the damage-211 induced regeneration in the earlier phases of the disease is accompanied by re-expression of embryonic myosin 212 heavy chain (MyHC), one of the slowest sarcomeric myosins (Ciciliot and Schiaffino, 2010; Resnicow et al., 213 2010). In agreement with both of these observations, in the mdx4cv mouse model of DMD we saw miR-206 214 induced in both TA and GP with no change in the soleus ( Fig. 2A ), confirming previous reports as well (Liu et 215 al., 2012) . We observed this induction in human DMD vastus lateralis biopsies, a normally mixed fiber type thigh 216 muscle ( Fig. 2B ). Muscle regeneration in response to acute injury also includes a transient period of slow 217 embryonic MyHC re-expression before re-establishing the normal adult muscle phenotype. Accordingly, we found a stepwise increase in miR-206 expression during a two week regeneration time course in BaCl2-injured 219 TA (Fig. 2C ). This increase seems likely due to transcriptional activation as we observed a robust induction of 220 the primary miR-206 transcript that preceded peak levels of the mature miRNA and then decreased towards basal 221 levels as regeneration proceeded (Fig. 2D ). We assessed transcriptional induction directly and in vivo by injecting into GP that we subsequently injured with BaCl2. During the regeneration time course we saw a peak in luciferase 224 activity three days post-injury, consistent with the peak in endogenous pri-miR-206 levels ( Fig. 2E ). This behavior 225 was dependent on the miR-206 enhancer as there was no injury response from a construct with just a basal muscle consensus site has been proposed that has a more specific core hexamer (CA(C/G)(C/G)TG) and extended 232 flanking sequence (Yutzey and Konieczny, 1992) . We found that the 1 st , 2 nd , and 5 th E-boxes conform well to this cross-sections suggested there were larger fibers than in wild-type counterparts (representative images Fig. 3B ).
245
Indeed, we observed an enrichment for larger fibers and a depletion of small fibers in 206KO soleus when we 246 measured cross-sectional area (Fig. 3C ). In fact, only 206KO mice had any myofibers larger than 1300 µm 2 . This 247 effect appears specific to lack of miR-206 as we did not observe any compensatory change in the closely related to wild-type, we calculated a 25% decrease in the proportion of type I fibers and a 14% increase in the proportion 253 of type IIa fibers in 206KO mice. Type IIx fibers are rare in the predominantly slow soleus, but we observed a 254 striking increase in the fraction of these fast fibers in 206KO mice. While this was not statistically significant due 255 to inter-animal variability, it is noteworthy ( Fig. 4B ). Corroborating these fiber typing data, we saw a modest 256 change in β-MyHC mRNA but a significant 2.5-fold increase in MyHC IIa. Again, we measured the largest 257 increase (3.4-fold) in MyHC IIx mRNA ( Fig. 4C ). MyHC IIb was essentially undetectable in the soleus of either 258 genotype (data not shown).
259
To extend our molecular profiling of 206KO soleus, we measured expression levels of RNAs typically 260 enriched in either slow or fast skeletal muscle ( Fig. 5 ). We considered transcription factors, non-coding RNAs, 261 troponin isoforms, and metabolic factors in addition to the MyHC signature described above. Amongst 262 transcription factors, we found a two-fold up-regulation of the slow-associated Mef2c as well as the fast-263 associated Six1 and Eya1. While at first this may seem contradictory, we address this more fully in the Discussion 264 below. We found no change in the slow-associated miRNAs miR-208b and miR-499 but a two-fold up-regulation 265 of the fast-associated long non-coding RNA linc-MYH. Beyond the MyHC isoform content, contractile properties 266 are also tuned by functionally distinct isoforms of other sarcomere components, including troponins. In skeletal 267 muscle, the Tnni2 isoform of troponin I is fast-associated while Tnni1 is slow-associated. However, we did not see changes in the expression of either isoform. Expression of the slow-associated calcium-handling factor 269 Serca2a did not change and there was a modest but significant increase in the oxygen-binding protein myoglobin 270 (Mb). When we consider these data in conjunction with the MyHC analysis, we see an overall shift towards 271 inducing a fast oxidative muscle phenotype in the absence of miR-206, indicating it is likely to be an enforcer of 272 the slow program. and 4). We saw a significant dose-responsive increase in b-MyHC mRNA and in miR-206, the latter of which 284 was induced four-fold in 45 mg/kg-treated animals compared to vehicle controls ( Fig. 6B ).
285
Therefore, we proceeded to morphologically, functionally, and molecularly characterize hearts from 286 206KO animals. In males, we found a significant 11% increase in normalized LV mass ( 
294
We molecularly assessed the male 206KO LVs by qPCR-based analysis of a suite of mRNAs and miRNAs 295 whose expression is frequently perturbed in a variety of cardiac pathologies (Taegtmeyer et al., 2010; Van Rooij 296 et al., 2006) . These include mRNAs encoding ANF and BNP, the skeletal muscle isoform of sarcomeric actin 297 (Acta1), the calcium-handling factors Serca2a and Pln, the fetal cardiac transcription factors Gata4 and Nkx2.5, 298 the Nfat target myocyte-enriched calcineurin-interacting protein (mCip1.4), the pro-fibrotic collagen 1 (Col1a1), 299 and the anti-hypertrophic muscle cytokine myostatin (Mstn) . Surprisingly, the only changes we observed were a 300 1.7-fold increase in Acta1 and a 1.6-fold decrease in Mstn, consistent with cardiac pathology and an increase in 301 LV mass, respectively (Figure 7-figure supplement 6). We also observed no change in 10 miRNAs previously 302 identified as part of a signature set of miRNAs whose expression levels respond to three different pathologic We show that miR-206 is essential to enforce a slow muscle program in both skeletal muscle and the heart.
309
In healthy skeletal muscle, miR-206 expression is strongly associated with a slow oxidative phenotype and is 310 actually significantly higher in the female compared to male TA (Fig. 1A ). This aligns with our previous 311 observations that the female TA contains a greater proportion of slow fibers and that females have a greater, but 312 hormone-dependent, capacity for endurance exercise (Haines et al., 2012; Haizlip et al., 2015) . There is likely to 313 be a hormonal component to this expression pattern as aromatase null females express less miR-206 in the TA 314 than wild-type females (Fig. 1B) . Interestingly, estrogen can regulate miR-206 expression levels in breast cancer 315 cells, further reinforcing this hormonal link (Adams et al., 2007) . We did not see the same sex bias or response to aromatase deletion in expression of the miR-206 family member miR-1 nor in the genetically linked miR-133b, 317 suggesting a specialized role for miR-206 in promoting the slower female phenotype.
318
The same miR-206 KO mouse studied here was shown to have delayed muscle regeneration after 319 cardiotoxin injury, impaired satellite cell differentiation, and delayed neuromuscular reinnervation (Liu et al., 320 2012; Williams et al., 2009) . Curiously, a separate knockout mouse that is lacking not only miR-206 but also 321 miR-133b and a portion of the muscle regulatory long noncoding RNA linc-MD1 (including the sequence 322 encoding a miR-133 sponge) displayed no overt phenotype at baseline, after acute muscle injury, or in the context 323 of muscular dystrophy (Boettger et al., 2014) . However, miR-206 and miR-133 family members have been shown 324 to play opposing roles, where the former is pro-differentiation and anti-proliferative while the latter is pro-325 proliferative (Chen et al., 2006; Kim et al., 2006) . Moreover, double knockout of miR-133 family members miR-326 133a-1 and miR-133a-2 (which, collectively, differ only at the terminal 3' position and so are presumed to target 327 overlapping sets of transcripts) results in an increase in oxidative myofibers (Liu et al., 2011) . This also supports 328 opposing roles for miR-206 and the miR-133 family when considered with the increased proportion of fast fiber 329 types in male 206KO soleus that we observed ( Fig. 4) , potentially complicating interpretation of the miR- 
336
We did not observe differential expression of either miRNA in the miR-206 KO soleus, suggesting that miR-206 337 could be acting downstream of miR-499 and miR-208b in promoting the slow fiber program. We also saw 338 increased Mef2c and myoglobin mRNA levels in the miR-206 KO soleus (Fig. 5) , which may initially seem to 339 contradict a fast-type phenotypic switch as expression of these genes is associated with an oxidative profile.
IIa and IIx) are characterized by a stronger mitochondrial and electron transport chain signature than Type I, 342 which is consistent with our overall change in gene expression and fiber type profiles (Chemello et al., 2019) . 343 miR-206 is well-studied in the context of the early stages of myogenesis, particularly in immortalized and 344 primary myoblast cell culture models where it inhibits proliferation and promotes the transition to differentiation 345 by targeting transcripts such as Pola1, Pax7, and Pax3 (reviewed in (McCarthy, 2008; Mitchelson, 2015) ).
346
Although the targeting network through which it enforces a slow muscle phenotype is not yet clear, it notably 
352
In the heart, we also found that miR-206 promotes a slow phenotype. Although rodents express very little MyHC expression is reportedly four-fold higher in the left ventricles of sexually mature female mice compared 356 to males, and this difference is hormone-dependent (Patrizio et al., 2013) . We have also previously reported that 357 isolated female rat cardiomyocytes are slower to reach both peak shortening and relaxation (Trexler et al., 2017) .
358
These observations are consistent with our comparison of female and male TA muscle. As miR-206 levels are 359 very low in the healthy ventricle, we could not reliably compare male and female expression levels. However, if 360 miR-206 is also an enforcer of slow gene expression in the heart, we predicted that: 1) in the absence of miR-206, 361 the heart would shift towards a faster phenotype and 2) miR-206 expression would increase in pathologic 362 conditions when the heart shifts towards a slower phenotype. Accordingly, we observed a significant increase in 363 a-MyHC expression and a downward trend in b-MyHC expression in miR-206 KO LVs (Fig. 7D) . Supporting 364 the assertion that the small amount of b-MyHC that is expressed in the mouse heart is still critical for normal 365 function, we observed ventricular dilation and systolic dysfunction in miR-206 KO mice (Figs. 7B, C). As in skeletal muscle, this is a male-specific phenomenon, the mechanistic basis for which is an intriguing area for 367 future investigation. Interestingly, transgenic mice overexpressing miR-206 experience cardiac hypertrophy 368 which, combined with our knockout data, suggests the importance of maintaining miR-206 levels within a narrow 369 range at baseline (Yang et al., 2015) . However, miR-1 levels also increased in these transgenic miR-206 mice, 370 and miR-1 overexpression in the heart is known to be detrimental (Zhao et al., 2005) .
371
In support of our second prediction, we observed a dose-dependent increase in miR-206 expression in the Fig. 6A ). This may be a compensatory acute stress-376 adaptation mechanism as b-MyHC is a more energetically efficient motor. We speculate that miR-206 KO mice 377 would be less able to adapt to cardiac stress as they may not properly induce b-MyHC. Indeed, transgenic mice 378 expressing a miR-206 sponge develop larger infarcts after ischemia/reperfusion injury than wild-type animals 379 (Yang et al., 2015) . As this miRNA sponge may also inhibit miR-1, which is the most abundant cardiac miRNA, 380 it will be important to examine the response of miR-206 KO mice to cardiac injury in the future.
381
Collectively, our data indicate that miR-206 enforces slow muscle gene expression, which ultimately tunes 382 both skeletal and cardiac muscle performance. Moreover, the consistent protective role of miR-206 under 383 pathologic conditions in both tissues makes it an attractive target for RNA-based therapeutics. in TAs from aromatase null compared to WT female mice. We measured miR-206 levels as in (A). Fold change (FC) relative 601 to WT F TA is presented. N = 6 in both groups. * p = 0.014 (C) In male mice, miR-206 expression increased by 3 days after 602 initiating voluntary cage wheel running and then returned to baseline but it did not change with muscle unloading by 603 hindlimb suspension (HS). We measured miR-206 as in (A). FC relative to normal cage activity controls (represented by 604 the dashed line at y = 1) is presented. Ns are: 6 control, 5 3d run, 3 7d run, 3 14d run, 6 3d HS, 3 7d HS, 3 14d HS; ANOVA 605 1-figure supplement 1. Expression of miR-1, miR-133b, and miR-133a is not different between male 609 and female mice in the TA. We measured miRNA levels by qPCR as in Fig. 1 Figure 1-figure supplement 3. Expression of miR-1, miR-133b, and miR-133a is not different between WT 617 and ArKO female mice in the TA. We measured miRNA levels by qPCR as in Fig. 1. Ns regeneration. We injected the miR-206 enhancer reporter construct or the minTATA negative control reporter intravenously 632 into the mouse hindlimb. We subsequently injured the gastrocnemius with BaCl2 ("injury") or injected it with PBS as a 633 control ("sham"). We measured reporter gene activity at days 1, 3, 7, and 28 after injury. Representative images of miR-634 206 reporter mice are shown. Bioluminescence signal is expressed as photons/second/cm2/steradian (p/sec/cm 2 /sr). Signal We mutated E-boxes in the WT miR-206 200-bp construct from CANNTG to CANNTA. We 683 mutated conserved E-boxes 1, 2, and 5 individually while we mutated unconserved E-boxes 3 and 4 together in 684 one construct. Finally, we mutated all 5 E-boxes in the construct named E-boxless. We transfected C2C12 cells 685 with each mutant construct as well as the WT and allowed them to differentiate for one day. We normalized firefly 686 luciferase activity to control renilla luciferase activity. 2-way ANOVA indicated significant effects from reporter and 687 day of differentiation (p ≤ 0.0001). Asterisks indicate post-test results vs D0. *** = p ≤ 0.001. We performed all in the male mouse LV and TA and found expression to be over 3 orders of magnitude higher in the TA. We 736 measured miRNA expression as in Fig. 1 . Ns are 6 for the LV and 8 for the TA. *** p = 1.11x10 -9 vs. LV. Source 
